Significance StatementExposure of MSCs to serum from asthmatic mice, a biologically relevant sample, led to increased MSC apoptosis and expression of various anti‐inflammatory and proresolution mediators. Administration of these cells to mice with allergic airway inflammation was associated with a further reduction of inflammation and remodeling, as well as improvement in lung function. These observations provide a platform for future clinical trials in patients with asthma.

Introduction {#sct312427-sec-0003}
============

Asthma is a chronic inflammatory disease with a significant societal and economic burden. It is characterized by chronic immune and inflammatory responses that can promote several structural changes in the airways, all of which contribute to pathologic airflow obstruction and airway hyper‐responsiveness [1](#sct312427-bib-0001){ref-type="ref"}. Although most asthmatic patients can achieve disease control with the use of inhaled corticosteroids and long‐acting β~2~‐adrenoceptor agonists, these approaches do not reverse established remodeling, and a subset of patients with severe asthma can be resistant to treatment [2](#sct312427-bib-0002){ref-type="ref"}, [3](#sct312427-bib-0003){ref-type="ref"}, [4](#sct312427-bib-0004){ref-type="ref"}. Despite some progress with monoclonal antibody therapies, novel therapeutic strategies are required.

In recent years, studies have shown that mesenchymal stromal cells (MSCs) secrete a range of factors that induce immunomodulatory effects on various models of allergic airway inflammation [5](#sct312427-bib-0005){ref-type="ref"}, [6](#sct312427-bib-0006){ref-type="ref"}, [7](#sct312427-bib-0007){ref-type="ref"}, [8](#sct312427-bib-0008){ref-type="ref"}, [9](#sct312427-bib-0009){ref-type="ref"}, [10](#sct312427-bib-0010){ref-type="ref"}, [11](#sct312427-bib-0011){ref-type="ref"}, [12](#sct312427-bib-0012){ref-type="ref"}. MSCs can detect specific inflammatory microenvironments and tailor their anti‐inflammatory responses accordingly [13](#sct312427-bib-0013){ref-type="ref"}; however, they have proven less effective in reversing the remodeling process [6](#sct312427-bib-0006){ref-type="ref"}, [10](#sct312427-bib-0010){ref-type="ref"}, [11](#sct312427-bib-0011){ref-type="ref"}, which may be attributable to a lower expression of certain cytokines and growth factors needed to repair injured tissue [13](#sct312427-bib-0013){ref-type="ref"}.

Based on these observations, recent studies have tried to potentiate the therapeutic properties of MSCs by stimulating them before administration. Strategies include physical, chemical, or biological methods, such as mechanical stress and hypoxia, as well as exposure to biologically relevant fluids, including bronchoalveolar lavage fluid (BALF) and serum. A growing number of studies demonstrate that such practice can enhance the secretion of cytokines and growth factors, as well as alter expression of genes that regulate MSC survival [12](#sct312427-bib-0012){ref-type="ref"}, [13](#sct312427-bib-0013){ref-type="ref"}, [14](#sct312427-bib-0014){ref-type="ref"}, [15](#sct312427-bib-0015){ref-type="ref"}, [16](#sct312427-bib-0016){ref-type="ref"}, [17](#sct312427-bib-0017){ref-type="ref"}, [18](#sct312427-bib-0018){ref-type="ref"}. Arguably, these reflect in vivo inflammatory conditions that can affect MSC survival and potentiate clinical effects.

In the present study, we investigated whether prior stimulation of bone marrow‐derived MSCs with BALF or serum obtained from asthmatic mice could increase the therapeutic properties of these cells, thus enhancing their ability to mitigate not only inflammation but also the remodeling process in experimental allergic asthma. For this purpose, MSCs stimulated or not with BALF or serum from asthmatic mice were administrated in a murine model of house dust mite (HDM)‐induced allergic asthma to comparatively evaluate their therapeutic effects on lung mechanics, BALF total and differential cellularity, collagen fiber content in airways and lung parenchyma, and expression of cytokines involved in the inflammatory process of asthma. Furthermore, we analyzed the in vitro effects of MSC prestimulation with BALF or serum obtained from either control or HDM‐challenged mice on cellular viability (apoptosis), secretion of selected mediators, and stimulation of macrophage polarization.

Materials and Methods {#sct312427-sec-0004}
=====================

This study was approved by the Ethics Committee of the Federal University of Rio de Janeiro Health Sciences Center (CEUA‐020/17). All animals received humane care by trained veterinarians and veterinary staff in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the *Guide for the Care and Use of Laboratory Animals* prepared by the U.S. National Academy of Sciences.

Animal Preparation and Experimental Allergic Asthma Protocol {#sct312427-sec-0005}
------------------------------------------------------------

One hundred and eight C57BL/6 mice (100 female and 8 male, weight 20--25 g, age 8--10 weeks) were used. As bronchoalveolar lavage may affect lung morphological analysis, 40 female mice were used to evaluate lung mechanics and histology (*n* = 8 per group), whereas 40 others were used to analyze total and differential cellularity in BALF, bone marrow, and lymph nodes, as well as protein levels of mediators in BALF (*n* = 8 per group). Mice were randomly assigned into two groups. In the HDM group, mice were challenged by intranasal instillation of 25 μg of protein (25 μl) presented in HDM extract (*Dermatophagoides pteronyssinus*; Greer Laboratories, Lenoir, NC), 3 days weekly for 3 consecutive weeks [11](#sct312427-bib-0011){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}, [20](#sct312427-bib-0020){ref-type="ref"}. In the control group (CTRL), the vehicle (phosphate‐buffered saline \[PBS\] 1×) was administered using the same protocol. Twenty‐four hours after the last challenge, the HDM group was subsequently randomized into four subgroups to receive sterile saline solution (0.9% NaCl, 50 μl, SAL) or MSCs stimulated or not with BALF (MSC‐BALF) or serum (MSC‐serum) obtained from asthmatic mice (10^5^ MSCs per mouse), intratracheally. Three days after MSC administration, all data were analyzed. In 10 other female mice, asthma was induced or not (5 animals per group) using the above‐mentioned protocol, and BALF and serum were collected. Additionally, 10 female mice were used so as to collect alveolar macrophages from HDM mice. Twenty‐four hours after the last challenge, BALF supernatant and serum were collected, pooled, and stored at −80°C for stimulation of MSCs in vitro.

BALF was obtained by three sequential gentle aspirations of 0.4 ml PBS 1× (final volume 1.2 ml) injected into the airways via a tracheal cannula. In order to obtain the serum, the collected blood was centrifuged to separate the blood cells from the plasma fraction. After centrifugation, the fibrin clot was picked up in the upper layer and squeezed to separate the serum. The collected murine serum was than centrifuged to remove any remaining red cells.

Extraction and Stimulation of MSCs {#sct312427-sec-0006}
----------------------------------

Eight male C57BL/6 mice were anesthetized with intravenous ketamine (25 mg/kg) and xylazine (2 mg/kg) and used as cell donors. Bone marrow cells were obtained from femurs and tibias. After isolation, bone marrow‐derived MSCs were cultured with Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, CA) containing 15 mM HEPES (Sigma--Aldrich, St. Louis, MO), 15% inactivated fetal bovine serum (FBS; Invitrogen, CA), 100 units/ml penicillin, and 100 mg/ml streptomycin (P/S) antibiotic solution (Gibco, Grand Island, NM) at 37°C in a 5% CO~2~ humidified atmosphere. When adherent cells reached ∼80% confluence, they were passaged with 0.05% trypsin--EDTA solution (Gibco) and maintained in DMEM with 10% FBS and P/S.

In Vitro Analysis of MSCs Stimulated with BALF or Serum {#sct312427-sec-0007}
-------------------------------------------------------

MSCs were cultured in 12‐well plates (10^5^ cells/well) using DMEM supplemented with 10% FBS, P/S, and 2 mM [l]{.smallcaps}‐glutamine (Invitrogen Life Technologies, Grand Isle, NY). MSCs were exposed or not to BALF or serum (10% vol/vol) from CTRL Or HDM‐challenged mice for 24 hours. The concentration of 10% vol/vol was based on pilot studies. Briefly, MSCs were stimulated with a pool of BALF and serum obtained from five CTRL or five HDM mice using a concentration curve (0%, 0.25%, 0.5%, 0.75%, 1%, 10%, 20%, 30%, 40%, and 50%) in DMEM supplemented with 10% FBS, P/S, and 2 mM [l]{.smallcaps}‐glutamine. Concentration of cytokines and growth factors produced by the cells before and after activation was measured; the 10% concentration was found to be more effective in modulating the MSC secretome.

After MSC exposure, the supernatant was removed, and cells washed with PBS 1×, harvested from culture plates using 2.5% trypsin--EDTA (Invitrogen Life Technologies), and pelleted by centrifugation (600*g* for 5 minutes). Cells were lysed for RNA extraction by the RNeasy Plus Mini Kit (Qiagen, Valencia, CA), following the manufacturer\'s instructions. Total RNA concentration was measured by spectrophotometry in a Nanodrop ND1000 system and first‐strand cDNA was synthesized from total RNA using an M‐MLV Reverse Transcriptase Kit (Invitrogen).

Quantitative real‐time reverse transcription polymerase chain reaction (RT‐qPCR) was performed and relative mRNA levels were measured with a SYBR Green detection system using ABI 7500 real‐time PCR (Applied Biosystems, Foster City, CA). All samples were measured in triplicate. The relative level of each gene was calculated as the ratio of the study gene to the control gene glyceraldehyde‐3‐phosphate dehydrogenase (*GAPDH*) and given as the fold changes relative to unstimulated MSCs. Expression of mRNA for the following genes was analyzed: caspase‐3, Bax (a proapoptotic Bcl‐2 family protein), Bcl‐2 (B‐cell lymphoma 2), transforming growth factor (TGF)‐β, interferon (IFN)‐γ, interleukin (IL)‐10, tumor necrosis factor (TNF)‐α‐stimulated gene 6 protein (TSG‐6), indoleamine 2,3‐dioxygenase‐1 (IDO‐1), and IL‐1 receptor antagonist (IL‐1RN). The sequence of each PCR primer can be found in Supporting Information Table [S1](#sct312427-supitem-0001){ref-type="supplementary-material"}.

Flow Cytometry {#sct312427-sec-0008}
--------------

The effects of exposure to BALF and serum from CTRL and HDM‐challenged mice on MSC viability (early and late apoptosis) were analyzed by flow cytometry using annexin‐V and propidium iodide (PI) staining (BD Biosciences, San Jose, CA) in a FACSCalibur system (BD Biosciences), following the manufacturer\'s instructions. In addition, lymphocyte subpopulations from BALF, bone marrow, and mediastinal lymph nodes were characterized using flow cytometry after incubation with specific antibodies. Analyses were carried out in FlowJo software version 10.0.7 (Tree Star Inc., Ashland, OR).

In Vitro Analysis of Alveolar Macrophage Phenotype {#sct312427-sec-0009}
--------------------------------------------------

Alveolar macrophages were obtained from the BALF of HDM‐challenged mice [21](#sct312427-bib-0021){ref-type="ref"}, [22](#sct312427-bib-0022){ref-type="ref"}. BALF was centrifuged at 300*g* for 10 minutes and the cellular pellet was washed with PBS, resuspended in red blood cell lysis buffer (8.3 g NH~4~Cl, 1 g KHCO~3~, 1.8 ml of 5% EDTA in 1 l distilled water) for 5 minutes at room temperature, and centrifuged again at 300*g* for 10 minutes. The pelleted cells were resuspended and cultured in a 12‐well culture plate at 37°C with 5% CO~2~ at a concentration of 10^5^ cells per well in 1 ml RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO) supplemented with 10% FBS, 1 mM pyruvate, 1% nonessential amino acids, 14 mM glucose, 17.9 mM NaHCO~3~, 10 mM HEPES, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. After 2 hours of incubation, nonadherent cells were washed off with PBS, and the medium was refreshed. Alveolar macrophages were stimulated with conditioned media obtained from MSCs stimulated or not with BALF or serum of either CTRL or HDM‐challenged mice for an additional 24 hours. Alveolar macrophages were then washed with PBS 1×, harvested from the culture plates, and pelleted by centrifugation (600*g* for 5 minutes). RT‐qPCR was performed as described above. The relative level of each gene was calculated as the ratio of the study gene to the control gene (*GAPDH*) and given as the fold change relative to the macrophage group (macrophages cocultured with unstimulated MSC medium). Then, mRNA expression for the following genes was analyzed: inducible nitric oxide synthase (iNOS), TNF‐α, and IL‐β (M1 markers) and arginase‐2, IL‐10, and TGF‐β (M2 markers). The sequence of each PCR primer is provided in Supporting Information Table [S1](#sct312427-supitem-0001){ref-type="supplementary-material"}.

Mechanical Parameters {#sct312427-sec-0010}
---------------------

Three days after MSC administration, the animals were sedated (diazepam 1 mg/kg intraperitoneally), anesthetized (thiopental sodium 20 mg/kg intraperitoneally), tracheotomized, paralyzed (vecuronium bromide, 0.005 mg/kg intravenously), and ventilated using a constant‐flow ventilator (Samay VR15; Universidad de la Republica, Montevideo, Uruguay) set to RR = 100 breaths/minute, tidal volume (*V* ~T~) = 0.2 ml, and fraction of inspired oxygen (FIO~2~) = 0.21. The anterior chest wall was surgically removed and a positive end‐expiratory pressure (PEEP) of 2 cmH~2~O applied. Airflow and tracheal pressure (Ptr) were measured [23](#sct312427-bib-0023){ref-type="ref"}, [24](#sct312427-bib-0024){ref-type="ref"}, and lung mechanics were analyzed by the end‐inflation occlusion method [24](#sct312427-bib-0024){ref-type="ref"}. In an open chest preparation, Ptr reflects transpulmonary pressure (*P* ~L~). Briefly, after end‐inspiratory occlusion, there is an initial rapid decline in *P* ~L~ (ΔP1,L) from the preocclusion value down to an inflection point (Pi), followed by a slow pressure decay (ΔP2,L), until a plateau is reached. This plateau corresponds to the elastic recoil pressure of the lung (Pel). ΔP1,L selectively reflects the pressure used to overcome the airway resistance. ΔP2,L reproduces the pressure spent by stress relaxation, or the viscoelastic properties of the lung, together with a small contribution of *pendelluft*. Static lung elastance (Est,L) was determined by dividing Pel by *V* ~T~. Lung mechanics measurements were obtained 10 times in each animal [23](#sct312427-bib-0023){ref-type="ref"}, [25](#sct312427-bib-0025){ref-type="ref"}. All data were analyzed using ANADAT software (RHT‐InfoData, Inc., Montreal, Quebec, Canada).

Lung Histology {#sct312427-sec-0011}
--------------

Soon after determination of lung mechanics, laparotomy was performed and heparin (1,000 IU) was injected into the vena cava. The trachea was clamped at end‐expiration (PEEP = 2 cmH~2~O), and the mice were euthanized by exsanguination following transection of the abdominal aorta and vena cava. The lungs were then removed and flash‐frozen by immersion in liquid nitrogen. The left lung was fixed with Carnoy\'s solution and paraffin‐embedded [6](#sct312427-bib-0006){ref-type="ref"}, [26](#sct312427-bib-0026){ref-type="ref"}.

Lung morphometry was analyzed in sections (4‐μm thick) cut and stained with hematoxylin--eosin. Briefly, an integrating eyepiece with a coherent system consisting of a grid with 100 points and 50 lines of known length was coupled to a conventional light microscope (Olympus BX51, Olympus Latin America‐Inc., Brazil). The number of mononuclear (MN) and polymorphonuclear (PMN) cells in each section was determined by the point‐counting technique [27](#sct312427-bib-0027){ref-type="ref"}, [28](#sct312427-bib-0028){ref-type="ref"} across 10 random, noncoincident fields of view per mouse.

Collagen fibers were quantified in the airways and alveolar septa of sections using [Picrosirius‐polarization staining method](https://www.sciencedirect.com/science/article/pii/S0968432806002022) (ImagePro Plus 6.0 software) [6](#sct312427-bib-0006){ref-type="ref"}, [25](#sct312427-bib-0025){ref-type="ref"}.

Cell Recovery and Counts {#sct312427-sec-0012}
------------------------

BALF was obtained by three sequential gentle aspirations of 0.4 ml PBS 1× (final volume 1.2 ml) injected into the airways via a tracheal cannula. BALF was centrifuged at 250*g* for 10 minutes at 4°C and the cell pellets were resuspended in PBS 1×. Similarly, bone marrow was obtained by gentle lavage of the right femur with 1 ml of PBS 1×. The mediastinal lymph nodes (mLNs) were carefully extracted, placed into 1 ml of PBS 1×, and cell suspensions obtained after mechanical homogenization. Total leukocytes from BALF, bone marrow, and mLN were counted in a Neubauer chamber after dilution with Turk\'s solution (2% acetic acid). BALF and bone marrow cells were pelleted onto glass slides by cytocentrifugation and stained by the May--Grünwald--Giemsa method. Differential cell counts were performed as described elsewhere [11](#sct312427-bib-0011){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}.

Enzyme‐Linked Immunosorbent Assay {#sct312427-sec-0013}
---------------------------------

Levels of IL‐4, IL‐10, IL‐13, and eotaxin were quantified in BALF by Enzyme‐Linked Immunosorbent Assay (PeproTech, Rocky Hill, NJ/Biolegend, San Diego, CA) as per manufacturer instructions. Total protease (Pierce Fluorescent Protease Assay Kit, Thermo Fisher, Grand Isle, NY, US) was also measured.

Statistical Analysis {#sct312427-sec-0014}
--------------------

Differences between groups were assessed using one‐way ANOVA followed by Tukey\'s test. For nonparametric results, Kruskal--Wallis test followed by Dunn\'s test was used. Parametric data were expressed as mean ± SD, whereas nonparametric data were expressed as median (interquartile range). All tests were performed in Prism 6.07 (GraphPad Software Inc., La Jolla, CA). Statistical significance was established at *p* \< .05.

Results {#sct312427-sec-0015}
=======

Stimulation of MSCs with Serum, Compared with BALF, Led to Increased MSC Apoptosis and Expression of Anti‐Inflammatory Mediators {#sct312427-sec-0016}
--------------------------------------------------------------------------------------------------------------------------------

MSCs exposed to HDM‐BALF or HDM‐serum exhibited a higher percentage of apoptotic cells, as observed in the annexin‐V/PI assay (Fig. [1](#sct312427-fig-0001){ref-type="fig"}A). Caspase‐3 and Bax expressions were also higher in HDM‐BALF and HDM‐serum‐stimulated MSCs compared with unstimulated MSCs or those stimulated with CTRL‐BALF and CTRL‐serum (Fig. [1](#sct312427-fig-0001){ref-type="fig"}B, [1](#sct312427-fig-0001){ref-type="fig"}C). Notably, apoptotic cell counts and expression of caspase‐3 and Bax were significantly increased in HDM‐serum‐stimulated MSCs compared with those stimulated with HDM‐BALF. MSCs stimulated with BALF or serum from either CTRL or HDM mice exhibited reductions in Bcl‐2 expression compared with unstimulated cells, with even lower expression in HDM‐BALF‐ and HDM‐SERUM‐stimulated MSCs (Fig. [1](#sct312427-fig-0001){ref-type="fig"}D). Furthermore, mRNA expressions of TGF‐β1, IFN‐γ, IL‐10, TSG‐6, IDO‐1, and IL‐1RN were higher in HDM‐BALF‐ and HDM‐SERUM‐stimulated MSCs than in unstimulated MSCs or those stimulated with CTRL‐BALF or CTRL‐serum. The expression of such mediators were even higher in MSCs stimulated with HDM‐SERUM than HDM‐BALF (Fig. [1](#sct312427-fig-0001){ref-type="fig"}E--[1](#sct312427-fig-0001){ref-type="fig"}J).

![In vitro stimulation of mesenchymal stromal cells (MSCs) with serum yielded further cellular death and modified the MSC secretome. **(A):** Apoptosis was measured in MSCs by assessing the percentage of annexin‐V^+^/propidium iodide cells by flow cytometry. Representative plots for MSCs: unstimulated or stimulated with bronchoalveolar lavage fluid (BALF) or serum from control group (CTRL) and house dust mite (HDM)‐challenged mice for 24 hours. Gene expression of caspase‐3 **(B)**, Bax (a proapoptotic Bcl‐2 family protein; **C)**, Bcl‐2 (B‐cell lymphoma 2; **D)**, transforming growth factor (TGF)‐β1 **(E)**, interferon (IFN)‐γ **(F)**, IL‐10 **(G)**, tumor necrosis factor‐α‐stimulated gene 6 protein (TSG‐6); **(H)**, indoleamine 2,3‐dioxygenase‐1 (IDO‐1); **(I)**, and IL‐1 receptor antagonist (IL‐1RN); **(J)** was assessed by RT‐PCR in cells after 24 hours of each specific stimulation. Data represent relative gene expression calculated as a ratio of average expression of the target gene compared with the reference gene (*GAPDH*) and expressed as fold change relative to unstimulated MSCs. Bars represent mean ± SD. \*, Significantly different from MSC (*p* \< .05). \*\*, Significantly different from BALF‐CTRL MSCs (*p* \< .05). ^\#^, Significantly different from SERUM‐CTRL MSCs (*p* \< .05). ^**十**^, Significantly different from BALF‐HDM MSCs (*p* \< .05).](SCT3-8-301-g001){#sct312427-fig-0001}

Stimulation of MSCs with Serum from HDM Mice Induced Further Macrophage Polarization to M2 Profile {#sct312427-sec-0017}
--------------------------------------------------------------------------------------------------

iNOS and TNF‐α expressions were higher in alveolar macrophages cultured with conditioned media obtained from MSCs stimulated with BALF from HDM mice, but not those cultured with media obtained from serum‐stimulated MSCs (Fig. [2](#sct312427-fig-0002){ref-type="fig"}A, [2](#sct312427-fig-0002){ref-type="fig"}B). However, IL‐1β expression was higher in macrophages cultured in the conditioned media obtained from MSCs stimulated with either BALF or serum compared with unstimulated macrophages (Fig. [2](#sct312427-fig-0002){ref-type="fig"}C). Additionally, macrophages cultured in conditioned media from MSCs stimulated with BALF and serum from HDM mice exhibited a higher expression of arginase‐2 and TGF‐β compared with the unstimulated macrophage group. The expressions of arginase‐2 and TGF‐β were more pronounced in macrophages cultured with conditioned media from MSCs stimulated with HDM‐SERUM than HDM‐BALF. Only macrophages cultured with conditioned media from MSCs stimulated with HDM‐SERUM demonstrated a significant increase in IL‐10 expression. Increased expression of arginase‐2, IL‐10, and TGF‐β indeed suggests a polarization to the M2 profile (Fig. [2](#sct312427-fig-0002){ref-type="fig"}D--[2](#sct312427-fig-0002){ref-type="fig"}F).

![In vitro MSC stimulation with SERUM‐HDM induced further macrophage polarization to the M2 profile. Alveolar macrophages (10^5^ cells per well) from HDM mice were cultured with conditioned media obtained from MSCs (10^5^ cells per well) either unstimulated or stimulated with BALF or SERUM from CTRL and HDM‐challenged mice for 24 hours. Relative gene expression of **(A)** iNOS, **(B)** TNF‐α, **(C)** IL‐1β, **(D)** arginase‐2, **(E)** IL‐10, and **(F)** TGF‐β was calculated as a ratio of the average gene expression levels compared with the reference gene (*GAPDH*) and expressed as fold changes relative to MΦ group (alveolar macrophages cultured with conditioned media from unstimulated MSCs). Bars are means + SD of four wells per condition. \*, Significantly different from MΦ (*p* \< .05). \*\*, Significantly different from MSC‐BALF‐CTRL (*p* \< .05). ^\#^, Significantly different from MSC‐SERUM‐CTRL (*p* \< .05). ^**十**^, Significantly different from MSC‐BALF‐HDM (*p* \< .05). Abbreviations: MSC, mesenchymal stromal cell; iNOS, inducible nitric oxide synthase; IFN‐α, interferon‐α; IL, interleukin; TNF‐α, tumor necrosis factor‐α; TGF‐β, transforming growth factor‐β; HDM, house dust mite; BALF, bronchoalveolar lavage fluid.](SCT3-8-301-g002){#sct312427-fig-0002}

Since MSCs stimulated with BALF and serum from CTRL mice exhibited similar in vitro behavior compared with unstimulated MSCs, whereas exposure to BALF and serum from HDM mice induced more robust effects by enhancing the expression of anti‐inflammatory mediators and polarizing macrophages to M2 profile in vitro, we chose to continue the in vivo experiments only with MSCs stimulated with BALF and serum.

Stimulation of MSCs with Serum Yielded Further Modulation of Mediators and Reduction of Lung Inflammation and Remodeling In Vivo {#sct312427-sec-0018}
--------------------------------------------------------------------------------------------------------------------------------

BALF protein levels of IL‐4, IL‐13, and eotaxin were higher in HDM‐SAL than CTRL mice (Fig. [3](#sct312427-fig-0003){ref-type="fig"}A--[3](#sct312427-fig-0003){ref-type="fig"}C). Only serum‐stimulated MSCs were able to significantly reduce protein levels of such mediators to levels comparable to those of the CTRL group. Furthermore, only serum‐stimulated MSCs increased BALF IL‐10 levels in HDM mice (Fig. [3](#sct312427-fig-0003){ref-type="fig"}D).

![Stimulation of MSCs with serum yielded further modulation of mediators in the lung in vivo. Protein levels of IL‐4, IL‐13, eotaxin, and IL‐10 in BALF. CTRL, phosphate‐buffered saline‐challenged mice; HDM, HDM‐challenged mice; SAL, HDM mice treated with saline; MSC, HDM mice treated with unstimulated MSCs; HDM‐MSC‐BALF, HDM mice treated with MSCs stimulated with BALF from asthmatic mice; HDM‐MSC‐SERUM, HDM mice treated with MSCs stimulated with serum from asthmatic mice. Boxes show the interquartile range (P25--P75) range, whiskers denote the range (minimum--maximum), and horizontal lines represent the median of eight animals per group. \*, Significantly different from CTRL (*p* \< .05). \*\*, Significantly different from HDM‐SAL (*p* \< .05). Abbreviations: MSCs, mesenchymal stromal cells; HDM, house dust mite; IL, interleukin; BALF, bronchoalveolar lavage fluid.](SCT3-8-301-g003){#sct312427-fig-0003}

PMN cell counts in lung tissue were higher in the HDM‐SAL compared with the CTRL group (Fig. [4](#sct312427-fig-0004){ref-type="fig"}A). Both BALF‐stimulated and serum‐stimulated MSCs reduced PMN cell counts in HDM mice to levels comparable to those of the CTRL group. No differences were observed in the MN cell count among the groups. Total and differential cell counts were also increased in BALF of HDM‐SAL mice compared with the CTRL group (Fig. [4](#sct312427-fig-0004){ref-type="fig"}B--[4](#sct312427-fig-0004){ref-type="fig"}I). Regardless of stimulation, MSC administration reduced eosinophil and total leukocyte counts, with a greater reduction in the total leukocyte count in serum‐stimulated MSC animals. In addition, BALF‐stimulated or serum‐stimulated MSCs reduced neutrophil counts in HDM mice, but only serum‐stimulated MSCs were able to reduce the number of macrophages, total lymphocytes, B220^+^, and CD4^+^ cells to CTRL‐comparable levels. MSC administration did not affect CD4^+^CD25^+^FoxP3^+^ cell count, regardless of stimulation.

![Ex vivo stimulation of MSCs with serum yielded further reduction of inflammation in the lungs in vivo. **(A):** Tissue cellularity: fractional area of mononuclear (MN, white bar) and polymorphonuclear (PMN, black bar) cells in lung tissue, **(B)** total leukocytes, **(C)** eosinophils, **(D)** lymphocytes, (**E**) macrophages, (**F**) neutrophils, **(G)** B220^+^ cells, **(H)** CD4^+^ cells, and **(I)** CD4^+^CD25^+^FoxP3^+^ cells in BALF. CTRL, phosphate‐buffered saline‐challenged mice; HDM, HDM‐challenged mice; SAL, HDM mice treated with saline; MSC, HDM mice treated with unstimulated MSCs; HDM‐MSC‐BALF, HDM mice treated with MSCs stimulated with BALF from asthmatic mice; HDM‐MSC‐SERUM, HDM mice treated with MSCs stimulated with serum from asthmatic mice. Data are presented as mean ± SD (A). Boxes show the interquartile (P25--P75) range, whiskers denote the range (minimum--maximum), and horizontal lines represent the median of eight animals per group (B--I). \*, Significantly different from CTRL (*p* \< .05). \*\*, Significantly different from HDM‐SAL (*p* \< .05). ^\#^, Significantly different from HDM‐MSC (*p* \< .05). Abbreviations: BALF, bronchoalveolar lavage fluid; MSC, mesenchymal stromal cells; HDM, house dust mite.](SCT3-8-301-g004){#sct312427-fig-0004}

Collagen fiber content in the lung parenchyma and airways was significantly increased in the HDM‐SAL mice compared with the CTRL group (Fig. [5](#sct312427-fig-0005){ref-type="fig"}). Regardless of stimulation, MSC administration reduced collagen fiber content in both lung parenchyma and airways; however, only serum‐stimulated MSCs reduced collagen fiber content in the airways of HDM‐challenged mice to CTRL‐comparable levels.

![Ex vivo stimulation of MSCs with serum yielded further reduction of lung remodeling in vivo. Collagen fiber content in **(A)** lung parenchyma and **(B)** airway. Representative photomicrographs of lung parenchyma (original magnification: ×200) and airways (original magnification: ×400) stained by the Picrosirius‐polarization method **(C)**. CTRL, phosphate‐buffered saline‐challenged mice; HDM, HDM‐challenged mice; SAL, HDM mice treated with saline; MSC, HDM mice treated with unstimulated MSCs; HDM‐MSC‐BALF, HDM mice treated with MSCs stimulated with BALF from asthmatic mice; HDM‐MSC‐SERUM, HDM mice treated with MSCs stimulated with serum from asthmatic mice. Boxes show the interquartile (P25--P75) range, whiskers denote the range (minimum--maximum), and horizontal lines represent the median of eight animals per group. Scale bars: 100 μm. \*, Significantly different from CTRL (*p* \< .05). \*\*, Significantly different from HDM‐SAL (*p* \< .05). Abbreviations: BALF, bronchoalveolar lavage fluid; MSC, mesenchymal stromal cells; HDM, house dust mite.](SCT3-8-301-g005){#sct312427-fig-0005}

Stimulation of MSCs with Serum Led to Further Improvement in Lung Mechanics In Vivo {#sct312427-sec-0019}
-----------------------------------------------------------------------------------

HDM‐SAL mice exhibited higher Est,L, ΔP1,L, and ΔP2,L compared with the CTRL group (Fig. [6](#sct312427-fig-0006){ref-type="fig"}A, [6](#sct312427-fig-0006){ref-type="fig"}B). Regardless of stimulation, MSC administration reduced the Est,L; however, serum‐stimulated MSCs were more effective at reducing this parameter. Furthermore, only serum‐stimulated MSCs reduced ΔP1,L and ΔP2,L in HDM‐challenged mice to CTRL‐comparable levels.

![Ex vivo stimulation of MSCs with serum led to further improvement in lung mechanics in vivo. Static lung elastance (Est,L; upper panel), resistive (ΔP1,L), and viscoelastic (ΔP2,L) pressures (lower panel). CTRL, phosphate‐buffered saline‐challenged mice; HDM, HDM‐challenged mice; SAL, HDM mice treated with saline; MSC, HDM mice treated with unstimulated MSCs; HDM‐MSC‐BALF, HDM mice treated with MSCs stimulated with BALF from asthmatic mice; HDM‐MSC‐SERUM, HDM mice treated with MSCs stimulated with serum from asthmatic mice. Bars represent mean ± SD of eight animals per group. \*, Significantly different from CTRL (*p* \< .05). \*\*, Significantly different from HDM‐SAL (*p* \< .05). ^\#^, Significantly different from HDM‐MSC (*p* \< .05). Abbreviations: BALF, bronchoalveolar lavage fluid; MSC, mesenchymal stromal cells; HDM, house dust mite.](SCT3-8-301-g006){#sct312427-fig-0006}

Stimulation of MSCs with Serum Increased their Effectiveness in Reducing Bone Marrow and mLN Cellularity In Vivo {#sct312427-sec-0020}
----------------------------------------------------------------------------------------------------------------

Total and differential cell counts were increased in the bone marrow of HDM‐SAL mice compared with CTRL (Fig. [7](#sct312427-fig-0007){ref-type="fig"}A--[7](#sct312427-fig-0007){ref-type="fig"}E). Regardless of stimulation, MSC administration reduced macrophage counts; however, only serum‐stimulated MSCs were able to reduce total cell counts as well as neutrophils and eosinophils to CTRL‐comparable levels. Total, CD4^+^ T‐cell and B‐cell counts also increased in mLN of HDM‐SAL mice compared with the CTRL group (Fig. [7](#sct312427-fig-0007){ref-type="fig"}F--[7](#sct312427-fig-0007){ref-type="fig"}H). Only serum‐stimulated MSCs were able to reduce total and B‐cell counts in HDM‐challenged mice to CTRL‐comparable levels. MSC administration did not affect CD4^+^ T‐cell counts in HDM‐challenged mice, regardless of stimulation.

![Ex vivo stimulation of MSCs with serum led to further reductions of cellularity in bone marrow and mLN in vivo. **(A):** Total leukocytes, **(B)** eosinophils, **(C)** lymphocytes, **(D)** macrophages, **(E)** neutrophils in bone marrow, **(F)** total leukocytes, **(G)** CD4^+^ cells, and **(H)** B cells in mediastinal lymph nodes (mLN). CTRL, phosphate‐buffered saline‐challenged mice; HDM, HDM‐challenged mice; SAL, HDM mice treated with saline; MSC, HDM mice treated with unstimulated MSCs; HDM‐MSC‐BALF, HDM mice treated with MSCs stimulated with BALF from asthmatic mice; HDM‐MSC‐SERUM, HDM mice treated with MSCs stimulated with serum from asthmatic mice. Boxes show the interquartile (P25--P75) range, whiskers denote the range (minimum--maximum), and horizontal lines represent the median of eight animals per group. \*, Significantly different from CTRL (*p* \< .05). \*\*, Significantly different from HDM‐SAL (*p* \< .05). Abbreviations: BALF, bronchoalveolar lavage fluid; MSC, mesenchymal stromal cells; HDM, house dust mite.](SCT3-8-301-g007){#sct312427-fig-0007}

Discussion {#sct312427-sec-0021}
==========

To the best of our knowledge, this is the first study in which MSCs were stimulated with BALF or serum from asthmatic mice prior to administration in an attempt to potentiate their ability to reduce both inflammation and remodeling in experimental HDM‐induced allergic asthma. Compared with unstimulated or BALF‐stimulated MSCs, serum‐stimulated MSCs yielded greater therapeutic effects in HDM‐challenged mice by further reducing levels of IL‐4, IL‐13, and eotaxin in BALF, as well as total and differential cell counts in BALF, bone marrow, and mLN and collagen fiber content in lungs, especially in the airways. Notably, compared with BALF‐stimulated MSCs, cells stimulated with serum from HDM mice exhibited increased mRNA expressions of TGF‐β1, IFN‐γ, IL‐10, TSG‐6, IDO‐1, and IL‐1RN, and induced anti‐inflammatory M2 macrophage polarization in vitro, Furthermore, serum from HDM mice also led to a higher percentage of apoptotic cells and expression of caspase‐3 and Bax by MSCs compared with those unstimulated, stimulated with BALF from HDM mice, or stimulated with BALF or serum from CTRL animals.

Despite the widespread use of ovalbumin as an allergen to induce asthma in animal models, it is not a clinically relevant allergen, and requires peripheral sensitization and, in many cases, adjuvant administration to obtain a successful protocol [29](#sct312427-bib-0029){ref-type="ref"}. Alternatively, HDM affects ∼85% of humans with asthma worldwide, and the HDM model resembles crucial features of chronic human asthma, such as local sensitization in the lungs and activation of complex inflammatory pathways, which involve the structural cells of the lung [30](#sct312427-bib-0030){ref-type="ref"}. Another advantage of the model used herein is that only 3 weeks are needed to observe both the inflammation and remodeling characteristic of chronic asthma [11](#sct312427-bib-0011){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}, [20](#sct312427-bib-0020){ref-type="ref"}. MSCs were extracted from bone marrow, since these cells exerted greater immunomodulatory responses compared with MSCs from other sources in previous studies by our group [6](#sct312427-bib-0006){ref-type="ref"}, [11](#sct312427-bib-0011){ref-type="ref"}. Furthermore, MSCs were intratracheally administered 24 hours after the last challenge to mimic a clinically relevant situation.

Previous studies have demonstrated that MSC administration before sensitization or during challenge significantly reduced inflammatory‐cell infiltration in the lungs, airway hyper‐responsiveness, and mucus hypersecretion in models of ovalbumin‐induced asthma [7](#sct312427-bib-0007){ref-type="ref"}, [9](#sct312427-bib-0009){ref-type="ref"}, [31](#sct312427-bib-0031){ref-type="ref"}, [32](#sct312427-bib-0032){ref-type="ref"}. Prophylactic administration of MSCs also mitigated the inflammatory process in asthma models using clinically relevant allergens, including ragweed, *Aspergillus* hyphal extract, and HDM extract [5](#sct312427-bib-0005){ref-type="ref"}, [8](#sct312427-bib-0008){ref-type="ref"}, [33](#sct312427-bib-0033){ref-type="ref"}. However, repair of injured tissue and reversal of the remodeling process, especially in the airways, were limited when MSCs were administered after lung function had been impaired and inflammation and remodeling had already been established [11](#sct312427-bib-0011){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}, [20](#sct312427-bib-0020){ref-type="ref"}. One potential explanation is that the lung inflammatory environment after antigen challenge in sensitized mice somehow alters MSCs activity. More recent studies, conducted in other disease models, have tried to potentiate the immunomodulatory properties of MSCs by stimulating them prior to administration [15](#sct312427-bib-0015){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}, [34](#sct312427-bib-0034){ref-type="ref"}, [35](#sct312427-bib-0035){ref-type="ref"}, [36](#sct312427-bib-0036){ref-type="ref"}. Several stimulation methods have been investigated, including incubation of MSCs in hypoxic and heat‐shock environments or with small‐molecule pharmacological agents, cytokines, growth factors, and biological fluids (BALF and serum) obtained from patients [15](#sct312427-bib-0015){ref-type="ref"}, [16](#sct312427-bib-0016){ref-type="ref"}, [17](#sct312427-bib-0017){ref-type="ref"}, [18](#sct312427-bib-0018){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}. Both in vitro and in vivo studies have demonstrated that MSC survival is enhanced under hypoxic or serum‐deprived conditions (34--36), whereas optimized sublethal stress conditions led to greater proliferation, chemotaxis, migration, engraftment, and differentiation of MSCs, potentiating the immunomodulatory effects of these cells [37](#sct312427-bib-0037){ref-type="ref"}. In the present study, MSCs exposed to either BALF or serum from asthmatic mice demonstrated higher expression of caspase‐3 and Bax, and apoptotic cell percentages, while increasing expression of several anti‐inflammatory mediators (TGF‐β1, IFN‐γ, IL‐10, TSG‐6, IDO‐1, and IL‐1RN), with even greater effects induced by serum than BALF. In agreement with our in vitro findings, a recent study using a model of graft‐versus‐host disease observed that MSCs may be actively induced to undergo apoptosis by recipient cytotoxic cells. This process activates caspase‐dependent IL‐1 signaling, which strikingly enhances the immunomodulatory properties of MSCs, since the recipient phagocytes may engulf the MSCs under apoptosis [13](#sct312427-bib-0013){ref-type="ref"}, [38](#sct312427-bib-0038){ref-type="ref"}, leading to production of many mediators. In particular, increased expression of IDO‐1 induces effective immunosuppression by interfering with amino acid metabolism in the inflammatory microenvironment [39](#sct312427-bib-0039){ref-type="ref"}, [40](#sct312427-bib-0040){ref-type="ref"}. It is thus conceivable that BALF and serum from asthmatic mice would create an in vitro microenvironment similar to that in asthma, leading to alterations in MSC signaling pathways and, consequently, higher expression of anti‐inflammatory mediators by MSCs, mainly after stimulation with serum (SERUM‐HDM) compared with BALF (BALF‐HDM). This may be explained by the higher protease levels in BALF compared with serum from HDM mice (7.2 \[6.2--7.9\] and 2.9 \[1.8--4\], respectively) in baseline conditions. In allergic asthma, the BALF almost invariably contains significant quantities of proteases [41](#sct312427-bib-0041){ref-type="ref"}. MSCs present cell surface proteins, cell‐adhesion molecules, signaling receptors, transporters, receptors, and enzymes [42](#sct312427-bib-0042){ref-type="ref"}, [43](#sct312427-bib-0043){ref-type="ref"}. We hypothesized that the increased levels of proteases in the BALF may affect these MSC receptors and, consequently, MSC responses. Furthermore, if proteases result in damage to cell‐adhesion molecules, contact of MSCs with other cells (e.g., macrophages) might be impaired, thus limiting their proinflammatory/anti‐inflammatory activities and immunosuppressive effects as well.

Macrophages have also been implicated in the inflammatory process of allergic asthma. Classically, M1 macrophages are activated by Toll‐like receptor ligands to secrete iNOS, IL‐1β and TNF‐α and mediate host defense, while alternatively activated M2 macrophages secrete anti‐inflammatory mediators, including arginase‐2, IL‐10, and TGF‐β, which stimulate proresolution responses and tissue repair [9](#sct312427-bib-0009){ref-type="ref"}, [19](#sct312427-bib-0019){ref-type="ref"}, [44](#sct312427-bib-0044){ref-type="ref"}. In our study, conditioned media from MSCs stimulated with HDM‐BALF, compared with HDM‐SERUM, promoted the M1 alveolar macrophage phenotype, with increased iNOS and TNF‐α expressions. In contrast, conditioned media from serum‐stimulated MSCs induced macrophage polarization to the M2 phenotype, with increased expression of associated markers (arginase‐2, IL‐10 and TGF‐β). In fact, increased BALF IL‐10 levels in HDM‐challenged mice after treatment with serum‐stimulated MSCs can be correlated with both macrophage polarization to the M2 phenotype and MSC stimulation. Previous studies have shown that IL‐10 mitigates inflammation by suppressing Th2 cytokine production [45](#sct312427-bib-0045){ref-type="ref"}, [46](#sct312427-bib-0046){ref-type="ref"}, in line with the anti‐inflammatory effects of serum‐stimulated MSCs in HDM‐challenged mice.

Regardless of stimulation, MSCs administration inhibited eosinophilia, but only serum‐stimulated MSCs significantly reduced levels of IL‐4, IL‐13, and eotaxin in BALF, which may suggest the involvement of other mediators in the process. In this line, MSCs may produce or induce lung‐resident cells to produce IFN‐γ, which then activates signaling in the airway epithelium to inhibit eosinophil recruitment [8](#sct312427-bib-0008){ref-type="ref"}, [47](#sct312427-bib-0047){ref-type="ref"}. In addition, the reduction in neutrophil count in HDM‐challenged mice after administration of BALF‐stimulated or serum‐stimulated MSCs may be correlated with increased TSG‐6 expression in MSCs, as this mediator suppresses CXCL8‐mediated chemotaxis of neutrophils [48](#sct312427-bib-0048){ref-type="ref"}, [49](#sct312427-bib-0049){ref-type="ref"}. Although in vitro stimulation of MSCs with BALF or serum from asthmatic mice increased the expression of TGF‐β1 and IL‐10, the percentage of CD4^+^CD25^+^FoxP3^+^ cells did not increase in BALF of HDM‐challenged mice after MSC administration, regardless of stimulation. This finding stands in contrast to previous studies that reported upregulation of T‐regulatory cells induced by MSCs [7](#sct312427-bib-0007){ref-type="ref"}, [50](#sct312427-bib-0050){ref-type="ref"}, [51](#sct312427-bib-0051){ref-type="ref"}. One possible explanation for this conflicting result is the timing of treatment (prophylactic vs. therapeutic), which suggests that MSCs administered with therapeutic intent, as in our study, might not induce expansion of T‐regulatory cells, since lymphocytes were already primed by the allergen.

Administration of serum‐stimulated MSCs also induced a potent peripheral inflammatory modulation, yielding a decrease in immune cells in the bone marrow and mLN of HDM‐challenged mice. As GFP‐tagged MSCs were found neither in bone marrow nor in mLN in a previous study by our group using the same asthma model [11](#sct312427-bib-0011){ref-type="ref"}, cell engraftment would not be a feasible explanation for the mitigated inflammation in these tissues. It is possible that intratracheal administration of serum‐stimulated MSCs boosted secretion of trophic factors that acted on the lungs in a paracrine manner and in bone marrow and mLN in an autocrine manner, as previously observed in other disease models and tissues [52](#sct312427-bib-0052){ref-type="ref"}, [53](#sct312427-bib-0053){ref-type="ref"}. In addition, the reduction in mLN B‐cell counts may have contributed to the resolution of lung inflammation after administration of serum‐stimulated MSCs, as B cells promote secretion of allergen‐specific immunoglobulins (mainly IgE) and are also involved in antigen presentation and T‐cell proliferation, which intensify immune responses against the allergen [8](#sct312427-bib-0008){ref-type="ref"}, [54](#sct312427-bib-0054){ref-type="ref"}.

Regardless of stimulation, MSCs administration reduced collagen fiber content in both lung parenchyma and airways; however, only serum‐stimulated MSCs reduced collagen fiber content in the airways of HDM‐challenged mice to CTRL‐comparable levels. This fact may be attributable to a higher capacity of serum‐stimulated MSCs to modulate secretion of mediators, including reduction in BALF IL‐4 and IL‐13 levels, since these mediators can induce fibroblast proliferation and extracellular matrix deposition [55](#sct312427-bib-0055){ref-type="ref"}, [56](#sct312427-bib-0056){ref-type="ref"}. Taken together, the thickening of alveolar septa, increased inflammatory‐cell count, and deposition of collagen fiber contributed to the impairment of lung function observed in HDM‐challenged mice. Administration of serum‐stimulated MSCs reduced inflammation and to a greater extent compared with unstimulated or BALF‐stimulated MSCs, thereby improving lung function more efficiently.

This study has several limitations. First, we used a model of HDM‐induced asthma based on the clinical relevance of this allergen, but MSC actions and effects may differ depending on the allergen as well as stage and severity of the disease. Second, a specific set of mediators was investigated, but a broader range of biomarkers could further elucidate the mechanisms of MSCs stimulation prior to administration. Third, MSCs stimulation with BALF or serum from CTRL mice was only analyzed in vitro, as BALF and serum from asthmatic mice were found to induce more robust therapeutic effects. Finally, analyses of the differences between BALF and serum effects on MSCs were focused on the levels of proteases. Further studies are needed to better understand how exposure to either serum or BALF alters the effects of MSCs in experimental asthma.

Conclusion {#sct312427-sec-0022}
==========

Exposure to either BALF or serum obtained from asthmatic mice potentiated expression and release of several mediators postulated to be involved in the anti‐inflammatory actions of MSCs, while also inducing expression of apoptotic mediators. Asthmatic serum was more potent in exerting several of these effects than was asthmatic BALF. In parallel, MSCs exposed to asthmatic serum were found to subsequently have greater potency to ameliorate several but not all aspects of a clinically relevant model of allergic airway inflammation.
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